glomerular disease. In biopsy proven glomerulonephritis acanthocytes comprised 12.4% of all excreted red cells, whereas in nonglomerular diseases or in healthy subjects acanthocytes were seen very rarely (< 2%) or not at all. Acanthocyturia 5% (of excreted red cells) was seen in 75 out of 143 patients with proven glomerulonephritis (sensitivity 52%) and in four out of 187 patients with nonglomerular disease (specificity 98%). To improve the diagnostic value of erythrocyte morphology the diagnostic workup should focus on acanthocyturia, which is also indicative in very low erythrocyte counts.
Phase contrast microscopic examination of the urine in distinguishing glomerular from nonglomerular hematuria is now a widely employed method. In 1973 Brod described that "red cells of glomerular origin generally bear traces of their long journey of the renal tubules, where they are constantly faced by changing surroundings" [1] . But it was Birch and Fairley, who in 1979 first described these changes in detail and correlated them to clinical findings [2] . In their original paper they stated that "glomerular bleeding gives rise to a wide range of morphological alterations in red cells. In contrast, bleeding from the renal pelvis, ureter or bladder, is usually associated with only two morphological types of red cell, most being undamaged cells with normal hemoglobin content and the remainder being red cell ghosts which have lost their hemoglobin" [21. The potential usefulness of this method has been underlined by various investigators [3] [4] [5] [6] [7] . In contrast, in a blind controlled trial the previously reported close correlation between erythroReceived for publication October 24, 1990 and in revised form February 15, 1991 Accepted for publication February 18, 1991 © 1991 by the International Society of Nephrology cyte morphology and clinical findings could not be confirmed. This was due to a number of specimens in which the observers were unable to make a clear cut decision between glomerular and nonglomerular red cells [81. In addition, a recent study, in confirmation with our own experience, stresses considerable overlap when using dysmorphic red cells to distinguish glomerular from nonglomerular bleeding [9] . This disagreement is reflected by the conflicting criteria in the literature concerning the percentage of dysmorphic red cells which should be taken to indicate glomerular bleeding. There are several reports which regard 80% dysmorphic cells as diagnostic for glomerular bleeding [4, 5, 10] , others quote 75% [9] , 40% [6] , 30% [7] , 10 to 20% [3] or 10%, respectively [11] . The main reason for these differences seems to be the poor definition of what is "dysmorphic." As a consequence, like has not been compared with like.
We therefore have described the various types of dysmorphic red cells in more detail using a well recognized classification of red blood cell morphology [12, 13] . The various erythrocyte forms were then correlated to the clinical findings. We found a wide range of commonly called "dysmorphic" or "glomerular" erythrocytes in glomerular and nonglomerular disease as well (Fig. 1) . In addition, some dysmorphic cells could be easily and reversibly induced by changes of osmolality, pH or just by the coverslip. Contrary, one irreversible cell type, a ringform with vesicle-shaped protrusions (acanthocyte), was found almost exclusively in glomerular disease and was not induced by changes in osmolality, pH or the investigation procedure (Fig.   2 ). In order to increase the diagnostic value of erythrocyte morphology, the diagnostic workup should focus on the acanthocytes and should omit uncharacteristic dysmorphic red cells.
Methods

Subjects
Midstream urine samples (second morning urine) of 351 patients with hematuria, defined as more than 8 erythrocytes per d urine, and of 33 healthy subjects (medical students) were examined within two hours after voiding by a single observer, blinded for the clinical diagnosis. The patients presented either in our Department of Nephrology or the Department of Urology. In all patients renal ultrasound examinations and intravenous pyelography were performed. The following clinical diagnoses were found: biopsy proven glomerulonephritis (N = 143); clinical diagnosis of glomerulonephritis (N = 21) which was based essentially on hematuria, proteinuria and radiology; biopsy-proven acute interstitial nephritis (N = 12); nephroscle- 
Urinalysis
Red cells in the urine were counted in a Fuchs-Rosenthal counting chamber by phase contrast microscopy (PCM). In addition, protein excretion (Combur-Test, Boehringer) and osmolality were determined. Red cell morphology was assessed by PCM. Ten milliliter urine were centrifuged at 2000 rpm for five minutes and the sediment was resuspended with 0.5 ml of urine. Aliquots of 20 pA of the suspension were analyzed. Ten high power fields (magnification 400), and at least 100 erythrocytes were screened in all patients. In healthy controls with usually very low erythrocyte counts, 20 high power fields were investigated.
Classfi cation of red cell morphology The various forms of red cells in the urine were described following the classification given by Bessis [12, 131 ( Fig. 1): 1. Discocyte. Disc form of red blood cell (RBC) with two concentric concavities.
2. Echinocyte (I-IV). Spiculated RBC with short, equally spaced projections over entire surface; progressing from the "crenated disc" (echinocyte I) to the crenated sphere (echinocyte IV) with near complete loss of spicules. 3. Anulocyte. Flat erythrocyte with dense membrane. 4. Ghost. RBC with thin membrane and without hemoglobin. 5. Schizocyte. Split RBC, often showing half-disc shape with two or three pointed extremities; maybe small, irregular fragment. 6. Stomatocyte. Bowl-shaped RBC with single concavity progressing from shallow bowl to near sphere with small dimple. 7. Codocyte. Bell-shaped RBC, which also may occur as target cell. 8. Knizocyte. Tn-concave red cell. 9. Acanthocyte. Ring form with vesicle-shaped protrusions.
In each individual the number of cells of each morphologic type was expressed as a percent of total excreted RBC. In each disease type and in controls, the mean percentage of the respective cell type was calculated.
Exposure of RBC to solutions with various osmolalities, pH and protein concentrations One hundred microliters of blood obtained by venopuncture from six healthy controls were each subjected to changing osmolalities, pH and protein concentrations. Thus, 100 tl blood from the healthy controls were suspended in 1000 pA of solu- tions with changing osmolalities (145, 160, 180, 230, 330, 500, 700, 900, 1100, 1250, 1450, 1600 mOsm/liter) by adding H20 to a dialysis concentrate (BEA, Fresenius). Subsequently, 20 1.d of these suspensions were investigated by phase contrast microscopy (PCM) and the examinations were repeated after 1 and 24 hours of incubation.
In addition, 100 tl of blood from the six healthy controls were suspended in 1000 l of a buffer solution (pH 7.4; 300 mOsm! liter; NaCl 8.24, CaCI2 0.147, NaH2PO4 H20 0.177, NaH2HPO4 7 H20 1.34, aqua dest. ad 1000 g) with varying pH values from 3, 4, 5, 6, 7, 8, 9, 10 and 11, respectively. Erythrocyte morphology was assessed by PCM and again after one and 24 hours.
Furthermore, 100 d of blood from the six healthy controls were incubated with the buffer solution and varying protein concentrations (2, 3, 4, 5, 6, 7, 8, 9 g/liter), which were obtained by addition of 5% human serum albumin. Then PCM was performed and again after one and 24 hours.
Statistical analysis was done using Student's f-test.
Results
Urinanalysis
In 351 patients with hematuria (> 8 erythrocytes/j.d) of glomerular and nonglomerular origin various types of "dysmorphic" erythrocytes were found (Table 1) . Echinocytes, according to their broad definition, were found to be the major red cell type in both glomerular and nonglomerular disease. Although echinocytes seemed to be less frequent in patients with glomerular disease, this dysmorphic cell could not serve to distinguish between glomerular and nonglomerular bleeding. This was also true for anulocytes, ghost cells, schizocytes, stomatocytes, codocytes and knizocytes, which all occurred in both glomerular and nonglomerular diseases. However, in patients with glomerulonephritis a second peak of "dysmorphic" cells, consisting of acanthocytes (Fig. 2) , the ringforms with vesicle-shaped protrusions, was observed. In biopsy proven glomerulonephritis acanthocytes comprised 12 .4% of all urinary red cells, whereas in nonglomerular disease acanthocytes were seen only very rarely (< 2%) or not at all, which was also true for the healthy controls (Table 1) .
In this study 75 of 143 patients with proven glomerulonephritis had acanthocyturia 5%. In contrast, only four of 187 patients with nonglomerular disease demonstrated acanthocyt- (Table 2 ). These four patients had polycystic kidney disease (1), urolithiasis (1), pyelonephritis (1) and hypernephroma (1). In the patient with hypernephroma histologic examination of the kidney also revealed mesangial proliferative glomerulonephritis. Thus, acanthocyturia ( 5%) had a sensitivity of 52% and a specificity of 98% for glomerulonephritis. In 101 out of 143 patients with proven glomerulonephritis, erythrocyte morphology was performed at the day of and before renal biopsy. No correlation of diagnostic value was found between the pattern of "dysmorphic" erythrocytes and the pattern of glomerular histology. In patients with minor glomerular abnormalities acanthocytes were seen very rarely. However, in this disease, as well as in focal segmental sclerosis and in membranous glomerulonephritis, comparatively few patients fulfilled the definition of hematuria (> 8 erythrocytes/pi) to be included in this study (Table 3) . Four of 33 of our healthy controls had hematuria with low counts (8 to 13 RBC/d). None of these had acanthocyturia. Only in two subjects with very low count hematuria (< 3 RBC/d) were acanthocytes observed (1 and 3%, respectively).
Red blood cell casts were seen in 35 out of 143 patients with proven glomerulonephritis (24.5%) and in six out of 187 patients with nonglomerular disease, including four patients with acute interstitial nephritis, thus yielding a high specificity (97%) but a low sensitivity (24%) in the diagnosis of glomerular disease.
None of the six patients with nonglomerular disease, who excreted red blood cell casts, had acanthocyturia. Thirty out of No significant correlation between acanthocyturia and proteinuria or serum creatinine was seen (Table 4) . However, in none of 24 dialysis patients with the histological diagnosis of glomerulonephritis acanthocyturia could be detected. In all these patients leukocyturia predominated and hematuria> 8/id was found only in eight cases.
To test the influence of usual daytime activity, in 10 patients with glomerulonephritis acanthocyturia was determined at four different time intervals. In the first morning urine mean acanthocytuna amounted to 5. Influence of changing osmolality, pH and protein concentration Changing osmolalities. Exposure of RBC to varying osmolalities in vitro revealed no essential changes of erythrocyte morphology within an osmolality range from 180 to 500 mOsm/ liter. Osmolalities below 145 mOsni/liter induced complete hemolysis; osmolalities from 160 to 180 mOsm/liter induced a predominant stomatocystosis (73 to 86%). An increasing number of echinocytes was seen with osmolalities above 500 mOsm! liter, reaching a maximum of 100% with osmolalities higher than 900 mOsm/liter. With 1100 mOsm/liter the number of echinocytes decreased and several knizocytes and anulocytes occurred.
The mean osmolality in the patient's urine amounted to 501 mOsm/liter (range 125 to 1075 mOsmuliter). Osmolalities below 200 mOsm/liter were seen in 4.8% of patients, osmolalities above 900 mOsm/liter in 3.5% of the patients. In two patients urinary osmolalities below 145 mOsm/liter and 50% of ghosts were seen. In three urine samples osmolalities ranged from 160 to 180 mOsm/liter and a stomatocytosis of 67.6%, 8% and 5%, respectively, was found. Changing pH values. Exposure of RBC to changing pH in vitro revealed no major changes of red cell morphology in a pH range from 4 to 10. However, with pH values below 3 discocyte-stomatocyte-transformation was seen in a frequency between 14 and 30%. In urine samples of patients pH values varied between 5 to 9, a range which did not influence erythrocyte shape in vitro. Changing protein concentrations. Exposure of RBC to increasing protein concentrations in vitro between 2 to 9 g/liter did not alter erythrocyte shape. Contrarily, a stabilizing effect of protein on red cell shape could be observed because discocyte-echinocyte-transformation was inhibited, which otherwise readily may be induced by the coverslip [131. In the patient's urine no significant correlation between acanthocyturia and the degree of proteinuria could be observed (Table 4) .
In vitro exposure of RBC to changing osmolality, pH and protein concentration induced different forms of "dysmorphic" erythrocytes but acanthocytes could not be detected. When erythrocyte morphology examination was repeated after one hour no different results were obtained. After 24 hours erythrocyte morphology varied greatly between only minor changes, such as slight irregularities of the discocyte surface, and marked changes, such as loss of hemoglobin, occurrence of schizocytes and ghosts. However, no acanthocytes were detected in any case.
Discussion
The present study clearly demonstrates that careful examination of urinary red cell morphology may be a useful diagnostic tool for giomerular bleeding. Most importantly, it underlines the significance of a specific type of red cell deformity, the acanthocyte, that should be readily distinguishable from other types of "dysmorphic" red cells that are less specific.
The red cell shape is variable. Its structure guarantees a variety of dynamic transitions of erythrocyte shape, which becomes important when traversing blood vessels of varying diameters and surfaces. The red blood cell consists of a membrane and a protein gel serving as membrane skeleton. The membrane is a fluid lipid bilayer; the protein gel contains as its most important component spectrin, a high molecular weight heterodimer with myosin-like activity. Spectrin network and lipid bilayer are connected by membrane-integrated proteins like ankyrin. Two of these three quantities, that is, spectrin network, outer or inner leaflet of the bilayer, determine the shape of the third [14] . The momentary erythrocyte shape depends on the environment of the cell, its metabolic status and its age [13] .
An increase in the area of the outer leaflet of the lipid bilayer, as seen in alkaline pH, by the "cover slip effect" or in ATP-depletion may reversibly induce echinocytes. In contrast, an increase in the area of the inner leaflet, occurring with low pH or cationic detergents, may promptly and reversibly be followed by stomatocyte-transformation [15] . The protein gel as the third component is essentially determined by gel osmotic pressure, which for example, increases when protons are released into the gel fluid by dissociation of ionizable amino acids, as occurs with high pH [14] . Besides gel osmotic pressure, the shape of the protein gel is determined by the elastic shear modulus, modulus of area compression and the "stress free shape" [14] . The discocyte-echinocyte-stornatocyte-transformation is reversible and may take place in milliseconds. All three erythrocyte forms come close to their stress free shape, thus explaining their frequent coexistence. These properties argue against a potential diagnostic value of dysmorphic cells like echinocytes or stomatocytes in distinguishing between glomerular and nonglomerular bleeding. This notion is supported by the present study, in which the clinical findings were correlated to the different types of dysmorphic red cells which have been described following a hematological classification [12, 13J. Echinocytes and stomatocytes, the most frequent dysmorphic red cells, occur in glomerular and nonglomerular diseases as well. This is also true for most of the other dysmorphic red cells, thus limiting their diagnostic value. Our view is supported by a recent study of Pollock et a!, which found the hematuria caused by renal biopsy to be dysmorphic, indicating that dysmorphism is unlikely to be specific for glomerular bleeding [9] .
In contrast to most "dysmorphic" erythrocytes in the urine, the acanthocytes, ringforms with vesicle-shaped or club-like protrusions, showed a very close correlation to glomerular disease. As acanthocytes essentially were not seen in nonglomerular diseases and in healthy subjects, this altered red cell seems to be characteristic and most suitable to detect glomerular bleeding. The significance of acanthocyturia for glomerular bleeding is underlined by in vitro data. Exposure of RBC to changing osmolality, pH and protein concentration induced various "dysmorphic" erythrocytes but no acanthocytes. Possibly, the acanthocytes were also the essential cells in most studies to detect glomerular bleeding, whereas the other dysmorphic red cells, like echinocytes and stomatocytes, were simply accompanying bystanders. This notion is supported by Pollock et a! who found dysmorphic cells of diagnostic value only when they exceeded 75% of excreted red cells [9] . It may be assumed that high percentages of dysmorphic red cells are more often associated with acanthocytes.
There is considerable uncertainty in the literature regarding the quantification of dysmorphism. The limit of dysmorphic red cells as being diagnostic for glomerular bleeding ranges from 10 to 80% [2-7, 9, 11] . This may be explained by the lack of definition of dysmorphism resulting in individual interpretations. Only Thiel et a! define glomerular bleeding more stringently, whereby acanthocytes play a major role [7] . Therefore they may take a comparatively low percentage of dysmorphic red cells, that is, 30%, as diagnostic for glomerular bleeding [7] .
As acanthocytes were the most characteristic red cells in glomerular bleeding, the clinical diagnostic workup should focus on this cell type. Taking accompanying less specific dysmorphic red cells into account would impair diagnostic sharpness of erythrocyte morphology. In unselected patients with hematuria, acanthocyturia 5% is a good predictive marker for glomerular bleeding (specificity 98%, sensitivity 52%). It has to be kept in mind, however, that hematuria without acanthocyturia does not exclude glomerulonephritis. Specificity and especially sensitivity further increase when in clinical practice proteinuna and erythrocytic casts are taken into account.
Detection of RBC casts yields a comparatively high specificity (97%), but a low sensitivity (24%) for glomerular bleeding. However, red cell casts were also found in 4 out of 12 patients with interstitial nephritis, whereas in this disease acanthocytes
did not occur at all. This suggests a higher specificity of acanthocyturia for glomerular disease as compared to RBC casts. It may be assumed that acanthocyturia is a sign of "glomerular" disease whereas RBC casts indicate "only" renal disease.
There is no significant relationship between acanthocyturia and serum creatinine. However, in dialysis patients with proven glomerulonephritis no acanthocytes were found. Instead, the urinary morphology was dominated by masses of leucocytes. This may be due to the rather unspecific morphological features of end-stage kidney disease, and additionally it may be aggravated by dialysis induced morphological changes such as cystic transformation. Furthermore, in most dialysis patients the glomerular area, which otherwise should be responsible for acanthocyte formation, has shrunken to an insignificant amount.
The "physiologic hematuria" of healthy individuals was assumed to be dysmorphic and of glomerular origin [10, 161. In our healthy controls we also found predominant dysmorphic red cells, such as echinocytes, anulocytes and ghosts. But this pattern was very distinct from that of glomerular bleeding because it lacked acanthocytes. This seems to be very important and indicates that "acanthocyturia" is of diagnostic value in patients with low to normal levels of hematuria as well, whereas the conventional definition of dysmorphism cannot be employed at these clinically interesting patients with borderline hematuria.
There are many factors which may contribute to erythrocytic dysmorphism, as these cells pass the glomerular barrier, the tubules and the urinary tract. The environment with changes in osmolality, pH and ATP-depletion may easily produce echinocyte-and stomatocyte-transformation. In addition, phagocytosis of erythrocytes by tubular epithelium may cause loss of hemoglobin and distortion of their shape [17] . However, these mechanisms may occur in glomerular and nonglomerular renal diseases as well. Additional factors should exist to produce glomerular hematuria. The mechanism of acanthocyte formation is not completely understood. It is possible that a variety of maximal forces are necessary to provoke this irreversible [13] red cell type. A possible mechanical influence of the glomerular barrier cannot be excluded. In this context it is of interest that acanthocytes are found in glomerulonephritis with low inflammatory activity as well as in crescentic glomerulonephritis. The glomerular origin of acanthocytes and the pathogenetic role of the altered glomerulus are underlined by the finding that an increase in diuresis reduces the amount of "dysmorphic" cells [18] , but does not alter the percentage of acanthocytes excreted [19] . In a recent in vitro study, red blood cells were exposed to serum, urinary enzymes and various solutions simulating the erythrocyte passage in the nephron. Only when the erythrocytes were additionally exposed to a hemolytic environment did they resemble acanthocytes [20] .
In summary, acanthocytes proved to be the most characteristic red cell type for glomerular bleeding. Acanthocyturia seems to be most suitable to detect glomerular erythrocytuna even in patients with low to normal levels of hematuria. By focusing on acanthocytes in clinical practice, erythrocyte morphology improves in diagnostic sharpness. Furthermore this red cell can be recognized very easily, thus facilitating a quick diagnosis.
